Future collider applications and present high-gradient laser plasma wakefield accelerators operating with picosecond bunch durations place a higher demand on the time resolution of bunch distribution diagnostics. This demand has led to significant advancements in the field of electro-optic sampling over the past ten years. These methods allow the probing of diagnostic light such as coherent transition radiation [1] or the bunch wakefields [2] with sub-picosecond time resolution. Potential applications in shot-to-shot, non-interceptive diagnostics continue to be pursued for live beam monitoring of collider and pump-probe experiments. Related to our developing work with electro-optic imaging, we present results on single-shot electro-optic sampling of the coherent transition radiation from bunches generated at the A0 photoinjector.
INTRODUCTION
We report on single-shot, electro-optic spectral encoding [1, 3, 4, 5] of THz-regime coherent transition radiation (CTR) from the A0 photoinjector for longitudinal bunch length measurements.
The ultimate goal is to probe the time-resolved transverse bunch distribution in a plane [6] . For more advanced 3D designs [7] , techniques relying on spatial encoding become problematic as spatial encoding requires non-collinear mixing of the signal and a laser stripe in the transverse plane to introduce a known delay.
To begin we detail the beam and laser probe used and present our approach to matching the time of arrival of the CTR to the probe. We then explain a balanced spectral EOS detection scheme. Bunch length data is presented with a comparison to measurements by a Martin-Puplett interferometer [8] .
Discussion of spectral encoding is done in the most basic approximation, though it has been shown that spectral encoding introduces artifacts in this case [9] except under restrictive conditions [10] .
BEAM, PROBE, AND TIMING
The probe laser is a 1-kHz repetition rate Spitfire Pro XP regenerative amplifier seeded by a Tsunami laser oscillator (Spectra-Physics) with an 800-nm center wavelength. The system is also equipped with a longitudinal pulse shaper (DAZZLER by FASTLITE). The amplifier was initially chosen as probe for its pulse duration controls and for the easy isolation of the 1-Hz pulse for experiment. However, this further required the attenuation of the amplified pulse energy from the nominal 3 mJ to less than 20 nJ per pulse to avoid saturating the diagnostics or damaging the EO crystal.
Generation of short electron bunches was done using the emittance-exchange (EEX) line at the A0 photoinjector [11] . When using the EEX line, the input transverse phase space is mapped to the longitudinal. Therefore we can minimize the bunch length after EEX by adjusting the strength of the quads upstream of the EEX line. The output beam is focused by the downstream quads onto an aluminium mirror oriented 45° to beam's propagation direction at diagnostic cross "X24."
Transition radiation from the mirror is collimated by a parabolic reflector and can be directed to the EOS experiment, a synchronized streak camera [12] , pyroelectric detector, or the interferometer [8] .
The laser pulse is sent from the A0 laser lab to the accelerator tunnel through the existing optical transport line. It's then split from the UV and imaged to an optical breadboard installed at X24 (Figure 1) where EOS of the beam CTR is performed.
Synchronization of the short laser and CTR pulses is accomplished in three steps: For the ns-scale, time of arrival of the IR probe laser and UV drive laser at the photoinjector's RF gun are observed on a photodiode. The IR laser phase is set to arrive 3.5 ns earlier than the UV to account for the path difference between the e-beam and probe laser travelling from the RF gun to X24.
At the breadboard, an alternate optical path (not shown) then combines laser leakage and the optical transition radiation, sending it to the streak camera for timing to tens of picoseconds. Accounting for an additional ~260 ps path difference, the EOS signal is then monitored as the probe delay is scanned over a ~20-ps range until a signal is observed. 
BALANCED SPECTRAL ENCODING
In the spectral encoding scheme, a chirped laser pulse propagates collinearly with the CTR through a 1 mm ZnTe crystal (Figure 1 ). To ensure a well-defined interaction in the polarization-sensitive crystal, the laser polarizer is set to admit light with polarization perpendicular to that of the admitted CTR.
In the most basic approximation, the ZnTe crystal appears to the laser as an ultra-fast Pockels cell with retardance proportional to the strength of the CTR [13] . With a strong linear chirp on the laser pulse, the time dependence of the retardance is mapped to a spectral amplitude modulation.
The modulated laser pulse is sent to the analyzing optics ( Figure 2 ). For sign-resolved measurements, the modulated signal passes through a quarter wave plate with fast axis 45° from the laser polarizer shown in Figure  1 . This produces circular polarization of the laser in the absence of the ZnTe crystal. The signal is then sent to a polarization-resolving spectrometer [14] . As the laser is focused onto the vertical slit of the spectrometer, it passes a beamdisplacing polarizer that produces two parallel beams. The undeviated beam is the horizontal component of the incident polarization while the vertical component is displaced 3 mm vertically. The two beams traverse the spectrometer in parallel, producing two horizontal stripes in the image plane with the top (bottom) stripe resolving the spectrum of the horizontal (vertical) polarization.
The spectrometer is a Princeton Instruments SP-2150 equipped with a 600 g/mm grating blazed at 750 nm. An 8-bit, 768x1024 CCD camera mounted in the image plane is used as detector. For typical focusing and slit width, the spectral resolution is found to be 0.15 nm. The polarization-dependent response of the system is measured independently with subsequent measurements corrected accordingly.
Following a similar description as [3, 13] , we approximate the temporal modulation of the chirped laser pulse as an equivalent spectral modulation mapped by the instantaneous wavelength (
), which is set by the chirp of the laser. In the time domain, the difference of intensities for the two polarizations after the quarter wave plate is found to be For a complete map of wavelength to time, longitudinal laser phase reconstruction is accomplished by second harmonic generation, frequency-resolved optical gating (SHG FROG) [15] .
RESULTS
Single-shot measurements of the CTR emitted from short, 250-pC electron bunches were performed at the A0 photoinjector. As determined by SHG FROG, the chirped laser pulse length is 4.4 ps FWHM. In the current approximation, for chirped pulse length c Figure 3 for two different bunches. From Figure 3 it is apparent that the oscillatory signals are not a direct indicator of the bunch distribution. This is due to a number of effects not accounted for including transport response of the CTR [16] , phase mismatch and signal distortions in the thick crystal [17] , and a more accurate treatment of the encoding process [4] .
For comparison, we estimate the signal FWHM as half the width between extrema of one full cycle of the largest oscillation. For Figure 3 , these occur around -1.8 ps and 0.8 ps in both sets. This results in durations of 1.44 ps for bunch 1 and 1.14 ps for bunch 2. Interferometry of E CTR (t) was independently performed in both cases using the Martin-Puplett interferometer [8] . Assuming E CTR (t) is real and proportional to the deduced retardances (Figure 3) , the equivalent interferogram (IF) of the recovered EOS signal is As above, we define the FWHM of the AC as half the distance between the strong minima (near ±1.5 ps). In this case, for the EOS signals, the IF width of bunches 1 and 2 are 1.48 ps and 1.21 ps, respectively. Corresponding interferometer scans are in agreement with widths of 1.50 ps and 1.17 ps, respectively.
Further, despite the interferometer more readily probing the long tail of the IF beyond the sensitivity and time window of the EOS measurement, as well as differences in system responses, in both cases similar features in the tail are observed.
SUMMARY
The main benefit of the balanced imaging demonstrated is in reducing the influence of shot-to-shot variations in laser output. Where improved sensitivity is also realized, the reduced laser intensity also minimizes the interference of the signal with the THz light generated by optical rectification of the laser in the crystal.
It is known that reconstruction of the bunch distribution from the measured signals will require the consideration of other known effects.
With spectral encoding suggesting an avenue for 2D and 3D bunch distribution diagnostics, analysis of the data from this experiment continues toward properly decoding measured signals.
In conclusion, the installation of EOS diagnostics at A0 photoinjector has been shown. Details on the general synchronization and balanced detection schemes used were also presented. Finally, CTR signals being analyzed are in agreement with independent measurements. 
